The Wii console and its attendant peripheral hardware (Wii Controller, the "Nunchuck" expansion, the WiiMotionPlus, and the Wii Balance Board) are dropping in price, and are easily available. This makes it an ideal choice for CS laboratories looking for affordable sensors. This paper describes the hardware and embedded software of the relevant peripherals, as well as the software support available on PC in light of the use of said sensors in CS education. The paper's conclusions stem in part from the technology examined, and in part from a four-year experience with using Wii peripherals to enable active learning in CS courses. All of the peripherals communicate using the Bluetooth protocol, and the nature and structure of messages thus exchanged are considered. The sensor subsystems of the devices are considered and described. These include the accelerometer of the Wii Controller and the "Nunchuck", the gyroscopes of the WiiMotionPlus, the button input of the Wii Controller, "Nunchuck," the four weight sensors of the BalanceBoard, and the IR camera of the Wii Controller. The controller also possesses feedback mechanisms: indicator LEDs, a vibration motor, and an audio playback system, and the paper discusses how these mechanisms operate and how they may be utilized. Special attention is paid to the data format, precision, and range of the accelerometers, gyroscopes, and weight sensors, as well as the data format, precision, and sensitivity of the IR camera. The construction of auxiliary hardware intended to fully utilize the IR camera is discussed with reference to the sensitivity of the camera to various wavelengths, and to the limited field of view of the camera. The impact of all of the attributes of the hardware/software thus identified on its use in education is discussed, with special reference to the opportunities they open and the limitations they impose.
Introduction
Active learning in engineering is of paramount importance. There has been a lot of work regarding the taxonomy, figure 1, of learning styles and approaches in engineering education [1] , and several conclusions seem inescapable: no one approach can be said to be absolutely superior over any other, and the only way to achieve an increase in student engagement is to use as many approaches as possible given the limitations of the course, these being technological and organizational. Despite all of this, active learning is in some ways key. Studies have shown [1] that active learning is among the styles preferred by students of engineering disciplines, alongside the visual, sensing, and inductive styles. It is been shown [2] that it is best to adapt the course to focus on how the students would like to approach it, making the system of the course revolve around them, and thus active learning must be adopted, at least in some measure. An additional benefit is that such active learning leads organically [3] to natural learning. This paper aims to present the function and operation of the Wii controller and Wii peripherals including the "Nunchuk," the BalanceBoard, and the Wii Motion Plus extension. Based on observed characteristics of these hardware components, as well as previous experience using the Wii controller in education, certain conclusions will be drawn regarding the attributes of the Wii controller and associated hardware in education, focusing especially on engineering and CS (Computer Science) education. The paper is divided into five sections. The first is the introduction, the second examines, briefly, previous work in this area and outlines the motivations behind considering the Wii controller and associated hardware in the first place, the third is the overview of the hardware used, the software that allows it to be used, and how the hardware communicates with the host device, the fourth discusses the active learning attributes that can be determined based on the hardware and informed by experience, and the fifth lists the conclusions of the research, suggests an appropriate niche for the Wii controller and associated hardware in education, and outlines possible further avenues of research.
Previous Work and Motivation
The Wii controller itself was not intended for education. As is clear, given its manufacturer and marketing, it was intended for entertainment purposes. Specifically, it is meant to control Nintendo's 2006, Wii gaming console. Quickly upon its inception, the potential for unintended use for this new device was noted by experts in the field and enthusiasts alike. The first experimentation was by Lee[4] , who noted that the sensor's infrared camera provided great potential for virtual reality applications, and implemented a novel outside-looking-in (the controller is fixed) [5] solution to both track a user's hand and track the user's head position. It's instructive to note that Lee's work does not stand in a vacuum. Using consumer-grade electronics for motion tracking is an idea that predates his 2008 paper. A useful example would be a tracking system using optical markers and a normal camera [6] that in certain respects seems to presage Lee's work. Lee's work [4] encouraged others to experiment, and soon there were several experimental solutions. Of some note is a combined infrared/visible-light optical tracking system which tracks 18mm markers in a limited space with a 6.25m 2 square cross-section [7] and a miniaturized implementation of a CAVE (Cave Automatic Virtual Environment) system [8] for VR interaction. These are research implementations meant for VR (Virtual Reality), but they are not without interest. The Wii controller is also used in very practical applications in fields as diverse as micro seismic data visualization [9] and medical rehabilitation [10] .
The Wii has also been used in the field of education where its potential is vast. First, any implementation of a VR system using the Wii controller wholly or in part can be used to drive an educational virtual environment [11] , these being of great utility to students, particularly engineering students [12] . Second, the Wii controller has been considered for an important role in courses based around game design and programming. It has already been integrated into the enJine, a didactic game engine [13] , and it's also been used as a basis of a course, where an abstract framework for devices such as the controller was also employed [14] . Also work has been done on exploiting the Wii controller's versatility in the field of artificial intelligence education [15] , as a part of earlier phases of this research.
The motivation for using the Wii controller is numerous: It's been the subject of concentrated research, and the limits of its capabilities are relatively well known. It is a popular peripheral which, due to economies of scale, drives down price. Further, given that, with its 2006 release date, it is on the trailing edge of video game technology, finding an alternate use for it in education helps with the growing problem of e-waste in the field of consumer electronics [16] .
Hardware, Software, and Communications Overview
From a hardware point of view, the Wii controller and its peripherals, figure 2, are a collection of devices which contain one or more sensors, input, and output mechanisms, intended for communicating with the user. The number and nature of the sensors, and, especially, the data they produce dictate to which uses the Wii controller and its peripherals can be put. The mechanisms characteristic of the Wii controller, figure 2-A, are button input, an accelerometer, an infrared camera, LED (Light Emitting Diode) output, rumble motor output, and sound output. Button input is not particularly innovative and consists of a standard four-direction d-pad, two main buttons, one in front, one in back, two auxiliary buttons on the front, and four system buttons on the front of the controller. The accelerometer measures acceleration, and can be used to track lateral motion in three dimensions, or it can track the orientation of the controller based on the direction of gravitational acceleration which it always detects. The accelerometer appears to be an Analog Devices ADXL1330, and it measures values between -3 gravities and +3 gravities, with a precision of 10% [17] .
The infrared camera consists of a CCD (Charge-Coupled Device), normally sensitive to near infrared, behind an infrared filter that stops visible light from affecting the sensor. This is further combined with a DSP (Digital Signal Processing) SoC (System on a Chip) solution that does image processing. The goal of all of this is to enable the tracking of up to four independent infrared sources. Thanks to the DSP the output of the camera isn't an image, but an array of coordinates, describing the position of the markers. Such processing simplifies working with the controller immensely. The camera itself has a nominal resolution of 128x96 pixels, but using a technique known as subpixel analysis; this is increased to 1024x768. The field of view of the camera is nominally 45° horizontal and 45° vertical. Our tests have shown that, in practice, this value is somewhat lower. Our rough estimate is 33° horizontal, and 23° vertical. The response of the camera's CCD varies with the wavelength of the infrared lightsource. The infrared source most likely to be used are infrared diodes, which, generally, emit at either light at a 940nm wavelength, or light at a 850nm wavelength, depending on if they use Gallium-Aluminum-Arsenic [18] technology, or Gallium-Arsenic. Our tests show that IR sources with a wavelength of 940nm are detected stronger than those with a wavelength of 850nm. This, in our experience, may cause issues with CCD bloom which can be controlled by using light diffusers and dampeners as needed. The output mechanisms of the Wii controller are simpler, and not especially relevant to the subject of the paper.
The Wii controller can communicate in two ways: wired and wireless. Wired communication is intended solely for peripherals, and allows additional hardware to be attached to the Wii, to better supplement its functionality. Wireless communication is how the Wii controller is intended to communicate with the Wii console, and how it is made to communicate with a computer. It uses the Bluetooth protocol for communication, which means it can be connected to any device that supports Bluetooth. Further, reverse engineering indicates that the communication hardware in the Wii controller is likely to be the Broadcom BCM2042 SoC which, according to its own data-sheet [19] and marketing material is designed to support wireless mouse/keyboard solutions. This means that it is built to be compatible with the standard Microsoft Windows Bluetooth stack and that it makes the Wii controller a HIDP (Human Interface Device Profile) compatible device. The HIDP standard [20] is intended to allow wireless user interface peripherals to connect to host computers in a simple straightforward way, effectively tunnelling the way the USB (Universal Serial Bus) HID works over a wireless connection, sending reports which will be analysed by the software stack.
The software stack relies on system drivers for Bluetooth and HIDP, but, beyond them, requires a software library capable of understanding the reports that need to be sent and received. Several such libraries exist. The one used in our research is WiimoteLib which we heavily modified to suit our needs and then included in a wrapper library, WiiAPI, which supports controller emulation and integration with other devices.
The Wii controller is meant to be used in conjunction with a number of other hardware devices. The ones of interest to us are the Wii "Nunchuk," the WMP (Wii Motion Plus), and the Balance Board. The Wii controller's auxiliary controller, the "Nunchuk," adds an additional button input, an analogue input in the shape of a thumboperated joystick, and an additional linear accelerometer, which appears to function much the same as the one in the main unit. The Wii Motion Plus, figure 2-B, is of tremendous value, since it dramatically increases the Wii controller's precision and tracking capability. Its key sensors are a dual-axis MEMS (Microelectromechanical Systems) gyroscope and a single-axis MEMS gyroscope. The first measures pitch and roll, and the latter measures yaw. This means that the orientation of the controller can be tracked at all times, leaving the linear accelerometer to track linear motion. This means that, using piecewise inertial tracking, it is possible to make the Wii controller in conjunction with a WMP track its movement with six degrees of freedom in short bursts. This is sometimes referred to as 1:1 tracking. The use of the WMP is complicated by the fact that it reports its data about orientation by giving the current speed of rotation in degrees/second, and that it does so in the reference system of the controller itself and not based on the current direction of gravity as the linear accelerometer might. Further, both the drift and the jitter of the WMP sensors are exceptional. As a result, calibration and auto-calibration are a necessity.
The Balance Board, figure 2-C and figure 2-D, while an associated piece of hardware, is not technically an extension of the Wii controller. It is, instead, an independent device that connects to the Wii console on its own. However, on the software level it communicates as if it were a Wii controller with an extension called a Balance Board permanently attached. Its key sensors are four weight sensors on its corners. This enables it to measure the user's weight with considerable precision, as well as to measure the user's shifting centre of balance by noting the different weights reported at different corners.
The question that naturally follows is how all of the above helps with active education. While other work in this area may focus on the Wii controller as a component of a system that helps educate, where it plays the part of a sensor or a control mechanism, our research shows that it has a great role to play by being the subject of education. This does not mean that it is imperative to teach the students about the Wii controller and associated hardware. While the knowledge may prove tangentially useful to those in the fields of game development and virtual reality, it itself is not the point. Rather, learning to use the Wii controller to create interactive systems also helps students learn actively, learn more, and retain more of what they have learned. The controller's beneficial effect can be seen in two fields: the development of key skills, and interlinking subjects.
The key skills in question are the ability to work independently and creatively. The Wii controller offers a large palette of tools that the student can use to solve problems, and each tool employed, brings its own challenges and problems which drives the student to weigh the benefits and costs of using each one. Instead of passively accepting how they should do something, and what the best way to do something is, as they often do, they must determine their own course without a lot of outside help. This fosters creativity, as the problems that the student is asked to overcome have no simple schoolbook solutions. They aren't based on small toy sets of data that are easily tractable and can be adjusted to avoid complications. Instead, the problems the students will solve are based on live, often real-time sensor data that requires careful handling and a creative approach in order to get the most out of them.
The interlinking of subjects arises when students, faced with unpredictable problems, are encouraged to rely on all of their knowledge as a whole, tearing down fundamentally artificial boundaries between different subjects of study. As a result, the use of the Wii controller as centrepiece of projects has led to students drawing on their knowledge of fields as disparate as physics, mechanics, electronics, artificial intelligence, and computer graphics to solve their problems. Further, the size of the sensor data sets employed and their ill-behaved nature means that whatever the students attempt to do, their mastery of basic programming and the efficient implementation of algorithms are challenged. Students who've taken courses where the Wii is used in this manner report greater satisfaction with their success and a much increased appreciation for other courses of study, now that their utility is not only apparent but also discovered by the students themselves in a process of active learning.
Thus, it can be said that the factors that make the Wii controller and its associated hardware suitable for active education in CS are the number of mechanisms it has, its imprecision, and its ease of use. The number of mechanisms, the versatility, means that the students are inspired to attempt various combinations and scenarios of use to get the best possible result. The imprecision, oddly a virtue in this case, means that the students must work with data that is realistically imprecise and ill-behaved which drives them to activate the, generally, passive knowledge of filtering techniques. The ease of use is also important. While the data is difficult to analyse to best effect, it is important that getting to the data is not difficult to get to in itself. That way the controller can be used at nearly any level of studies. These factors are not only limited to the Wii controller, they can also be used as a useful heuristic when considering other hardware for a similar task.
Conclusion
The Wii controller and its associated hardware are of considerable use in active CS education. They help students be more engaged, encourage them to approach problems in a creative way and drive them to consider the totality of what they have learned instead of compartmentalizing it. They accomplish this by, in turns, encouraging the student to explore, and challenging them by posing difficult problems with no prescribed solution. The key flaws of this approach are technical and organizational. Technical flaws relate to the fact that the relevant hardware simply isn't designed to be deployed in a classroom setting. Making sure the right sets of controllers and computers are paired is a problem, as is obtaining sufficient space. Organizational problems relate to the fact that while the students perceive their study with the Wii hardware as self-motivated and utterly independent, the teaching staff must work tirelessly to motivate students, provide solutions to intractable problems before frustration precludes student engagement, and supply answers to an entirely unpredictable stream of questions. The demands on teaching staff engagement and time are, thus, considerable. Future avenues of study are possible, of course. Other similar pieces of hardware can be considered--most notably the Kinect. Work can then be undertaken to combine these disparate pieces of hardware into one abstract system which will allow for their easy use in various individual solutions. Also possible is work on resolving the difficulties mentioned earlier. Good organization and custom software support may help with the hardware difficulties, and it is possible that innovations in course organization and knowledge management may serve to reduce or at least manage the demands on the teaching staff's time.
